Overview
Cell swelling causes stretch and/or deformation of cell membranes and the underlying cytoskeletal network as well as dilution of intracellular contents [l] . It is therefore not surprising that most mammalian cells, including cardiac myocytes, respond to swelling by modulating transporters and or ion channels that permit efflux of intracellular osmolytes (and osmotically obliged water) which will tend to restore cell volume to its original value [2-51. This is of particular significance in the heart as many of the transport pathways modulated by cell swelling are electrogenie, so their modulation will alter excitability of the heart. This is likely to be most important in the context of myocardial ischaemia and reperfusion as this is when cell swelling is most significant [6] and when arrhythmias are most common [7] . Recent work, using a range of techniques including patch-clamp analysis of isolated cardiac myocytes, is beginning to unravel the mechanisms underlying osmotic modulation of electrical activity in the heart and it is this work that will be the primary focus of this review.
Background
It has been known for over 20 years that altering the osmolality of perfusion solutions alters the electrical properties of cardiac cells. Akiyama and Fozzard [S] found that superfusion of ventricular papillary muscles with a 58% hypertonic (1.58 T) solution caused hyperpolarisation of the resting membrane potential by 4.6 mV whereas a 76% hypotonic solution (0.76 T) caused a rapid depolarisation of 5.7 to 7.6 mV (depending on the external potassium concentration) which was stable for up to 1 h. Similar results have been reported by other groups [9,10] and more recently these findings have been confirmed in isolated myocytes from chick embryo [I 11, rabbit [ 121 and guineapig [131.
Many workers over the last 25 years have also found that swelling or shrinking cardiac myocytes alters action potential duration (APD). For example, Hermsmeyer et al.
[ 141 found that cell shrinkage, induced by 2.0 T hypertonic solutions, caused a species dependent shortening of APD. In those species containing a T-tubule system (guinea-pig and cat ventricle) there was a marked loss of the action potential plateau whereas in those cells lacking a T-tubule system (chicken and frog ventricle) there was no significant shortening of APD. Unfortunately, they did not investigate the effects of cell swelling but these results are of particular interest as they indicate that cell geometry may influence the response of cardiac cells to anisosmolar solutions. Kawata et al. [15] noted that cell shrinkage and cell swelling were both associated with APD shortening in bull frog ventricle and similar findings have been reported in guinea-pig ventricle [lo] .
Many ion conductances contribute to cardiac myocyte action potentials [16, 17] . Identifying which conductances contribute to the changes in the action potential during cell swelling, however, is very difficult, especially in intact tissues. Consequently, a number of laboratories, including our own, have started to investigate the effects of cell swelling in isolated myocytes where it is a little easier to dissect out the contributions of different channels and transporters. Nevertheless, as there are so few specific blockers we must still be careful about interpreting the results of single cell studies. But before discussing the results of these studies it is worth pausing to consider what physiological and/or pathophysiological conditions are likely to result in swelling of cardiac myocytes.
Swelling of cardiac myocytes
The osmolality of body fluids is normally very tightly regulated [2] . It is therefore unlikely that cardiac cells will ever be exposed to significant osmotic gradients under physiological conditions. Over-vigorous intravenous fluid replacement with dextrose solutions or excessive water ingestion could cause a transient decrease in plasma osmolality and consequently cell swelling. This, however, is likely to be of major significance only in patients with impaired renal, hepatic or cardiac function.
The osmolality of cardiac tissue increases during myocardial ischaemia [18] due to the breakdown of high energy phosphates and macromolecules (e.g., glycogen, free fatty acids). Theoretical calculations by Jennings and colleagues [6] have shown that the amount of metabolites produced during ischaemia could cause the osmolality of heart cells to increase by as much as 130 mosmol kg-'. These calculations were based on the assumption that all metabolites are retained in the intracellular space. Many of the metabolic products, however, will equilibrate between the intracellular and extracellular spaces, either because they are membrane permeable or as in the case of lactate they are rapidly transported across the cell membrane via specific transporters [19] There are many methodological problems that make it difficult to measure and/or estimate cell volumes during ischaemia, including (1) lack of flow in the ischaemic zone will reduce the rate of equilibration of space markers in the ischaemic area, (2) during regional ischaemia collateral flow may alter the distribution of space markers, (3) changes seen in the thin sections used in electron microscopy are not easily translated into changes in volume, and (4) the osmolality of solutions used to fix tissues in preparation for electron-microscopy may not be the same as the osmolality of the tissue specimens and so may alter the volume of the myocytes independent of any ischaemia-induced changes. For example, Kloner et al. [20] found that 40 min regional ischaemia in the canine heart resulted in a minimal increase in cell volumes in papillary muscle cells (although the increase was not quantified) when hearts were fixed with tyrode + 1% glutaraldehyde. The osmolality of tyrode + 1% glutaraldehyde (N 400 mosmol kg-' > may however have been hypertonic relative to the ischaemic tissue and so have masked any increase in cell volume. In a subsequent and more careful study, Tranum-Jensen et al. [18] chaemic tissue samples obtained from the sub-epicardial region of porcine hearts exposed to 50 min regional ischaemia and fixed in "normotonic fixative" were increased by m 40% compared to pre-ischaemic values but if the samples were fixed in a fixative solution with osmolality adjusted to the tissue osmolality measured in the ischaemic region then the observed cell volumes were increased by only N 8% compared to pre-ischaemic values. Studies that have looked at changes in cell water during ischaemia have also reported variable results. Whalen et al. [21] found no significant increase in cell water content in the ischaemic tissue during 40 min regional ischaemia in the canine heart. Conversely, TranumJensen et al. showed a 16.5% increase in tissue water (estimated from changes in wet weight/dry weight ratio) although to what extent this increase represented an increase in extracellular or intracellular water was not determined and Powers et al. [22] found a 21% increase in intracellular water after 45 min low-flow ischaemia in the canine heart.
In contrast to the variable and at most modest increases in cell volume during ischaemia [l&20,23] many workers have noted an "explosive increase in cell volume" following reperfusion [24] . Reperfusion of the ischaemic myocardium with "isotonic" extracellular solution will wash out the hypertonic extracellular solution (whilst the intracellular solution will initially remain hypertonic) thereby creating a significant osmotic gradient between the intracellular and extracellular spaces (see Fig. 1 ). This reperfusion-induced cell swelling is also often associated with blebbing and rupture of cardiac sarcolemmal membranes [23, 25] . Thus, it is perhaps not surprising that many workers have noted that reperfusing hearts with a hypertonic medium resulted in better recovery of cardiac function [l&22,24,26].
In summary, the difficulties in measuring cell volumes and osmolalities during ischaemia coupled to the heterogeneity of ischaemic insults make it difficult to estimate the precise changes in cell volume that will occur during any given ischaemic insult. The most carefully controlled study of ischaemia is probably that of Tranum-Jense et al.
[18], who estimated myocyte volume to increase by w 8% and tissue osmolality by -12.5%. There has not been a similarly well controlled study of reperfusion; however, all workers to date have reported significant increases in cell volume following reperfusion of the ischaemic myocardium with "isotonic" extracellular solution.
4. Cardiac myocytes are not "perfect osmometers" Exposure of cells to hypotonic solutions results in cell swelling, where the amount of swelling depends on the extent to which there is free exchange of water between the intracellular and extracellular spaces, the size of the initial osmotic gradient between the extracellular and intracellular spaces, and whether there are changes in membrane permeability for osmolytes following cell swelling. For example, an ideal cell exposed to a 0.8 T hypotonic solution will increase in volume by approximately 25%, i.e. so that the intracellular osmolality would be reduced to match the osmolality of the extracellular fluid. Real cells, and cardiac myocytes in particular [27], however, deviate from this ideality. For example, Pine et al. 1271 found that the volume of myocytes in rat ventricular slices exposed to a 0.4 T hypotonic solution increased by only N 30% whereas the volume of cells in renal cortical slices exposed to the same 0.4 T hypotonic solution increased by m 120%. This non-ideal behaviour implies that there are forces resisting swelling. Unfortunately there have been no studies to date that have directly measured intracellular osmolalities either under control conditions or following exposure to anisosmotic solutions, so it is not possible to calculate to what extent the non-ideal behaviour is due to resistance to cell swelling mediated by stress borne by the cytoskeleton and to what extent it is mediated by non-ideal osmotic characteristics of the cytoplasm.
The cytoskeleton is thought to be an important component of the resistance to cell swelling in non-muscle cell types. For example, Wan et al. [28] have shown that the median survival of molluscan neurons exposed to distilled water was reduced from > 60 min to 18 min when myosin ATPase was inhibited indicating that a dynamic actomyosin dependent process, which they suggested was related to the cytoskeleton, contributes to the mechanical robustness of these cells. There are no studies to date that have directly looked at to what extent the cytoskeleton is responsible for the non-ideal behaviour in cardiac myocytes. Indirect evidence though comes from the study of Steenbergen et al. [23] . They showed that cell swelling, plasma membrane bleb formation and focal sarcolemmal disruptions during myocardial ischaemia were associated with changes in the distribution of vinculin, a cytoskeletal protein thought to be involved in tethering the sarcolemma at the Z-line of the underlying myofibrils. In addition to cytoskeletal elements, in intact tissue one must also consider the space constraints imposed by the relatively inelastic extracellular matrix [29,27] and pericardium. Whilst there is no direct evidence for a role played by the extracellular matrix, the findings in multiple studies that for a given osmotic perturbation isolated myocytes swell to a greater extent than do myocytes in intact tissue, i.e. 50-60% of predicted for isolated myocytes [4,30-321 compared to 25-30% for cells in situ [27] is consistent with the extracellular matrix being important.
The second factor that may limit cell swelling is activation of solute channels and/or transporters leading to a regulatory volume decrease (RVD). Classical RVD responses have been observed in chick embryo ventricular myocytes [11, 33, 34] and these responses are mediated in part by organic solutes and in part by inorganic solutes such as chloride [33] . Suleymanian and Baumgarten have recently shown that rabbit ventricular myocytes exposed to 0.5 T hypotonic solutions also undergo RVD responses [35] . These responses, however, were relatively small and slow compared to those observed in chick embryo cardiac myocytes (and in non-cardiac cell types), which Suleymanian and Baumgarten showed was due to adult cardiac sarcolemma having a very low hydraulic conductivity (1.2 X 10-r' litre N-' s-l, which is 15-25 X lower than those observed in red cell membranes and comparable to those observed in protein-free phospholipid bilayers). In an elegant series of studies Baumgarten's group have also demonstrated that bumetanide, chlorothiazide and anthracene-9-carboxylic acid sensitive pathways (Na-K-2Cl co-transporters, Na-Cl co-transporters and Cl channels respectively) contribute to the less than expected increase in cardiac cell volume [4,30,5]. Cell volumes in these studies were estimated from cross-sectional images (rather than three-dimensional images) of cells recorded using light microscopy in combination with video recording. In preliminary experiments, they showed that during cell swelling myocyte height varied linearly with myocyte width (height was estimated by placing small reflective alumina beads on the top of a myocyte and on the floor of the perfusion chamber and measuring the distance between the planes of focus for the beads on the floor of the perfusion chamber and on the top of the myocyte). However, in an earlier study, Isenberg and Klockner [36] noted that this technique for estimating cell heights can be associated with errors of as much as 25%; thus we must be cautious when interpreting the quantitative data from these studies [4, 5, 30] . Ideally, these experiments need to be repeated using a more robust technique such as confocal microscopy which can measure volumes directly [37] .
Most workers who have studied the electrical effects of cell swelling in cardiac myocytes have used conventional whole-cell patch-clamped [38] myocytes. This adds another complication to estimating volume changes for a given change in extracellular osmolality as the cytosol is in continuity with a patch pipette whose contents will be dialysing the cell and whose osmolality will influence that of the cytosolic compartment. The extent of this problem will be determined by the access resistance for water and solute flow between the pipette and cytosol relative to the rates of solute and water flow across the rest of the cell membrane [39] . These variables will change from one experiment to the next and are difficult to estimate. The point though is worth remembering when trying to compare studies in intact cells with those carried out in wholecell patch-clamped cells.
As well as the volume of cardiac myocytes not increasing as much as predicted for a given osmotic gradient, the swelling that occurs is not uniform. That is, there is a much more significant increase in the radial dimensions of myocytes compared to the longitudinal dimension [4,31,32,40]. Part of this can be explained by the shape of cardiac myocytes. Application of a uniform pressure gradient between the inside and outside of a right circular cylinder with closed ends (an approximation to the shape of cardiac myocytes) that had perfectly symmetrical elastic properties will give rise to a circumferential tension that is twice as great as the longitudinal tension (see discussion in [4] however, there still appears to be a significantly smaller increase in length compared to the increase in radial dimensions. For example, exposure of cells to a 0.6 T hypotonic solution resulted in the width increasing to 118% of control whereas length increased to only 104% of control [4] . Part of this discrepancy may be related to the fact that cardiac myocytes are not uniform cylinders and the cell membrane and cytoskeleton do not have uniform elastic properties [41] . Indeed, the change in tensions described above for a cylindrical-shaped cell is likely to be a poor approximation of the changes in tension occurring in the membranes lining the T-tubules of cardiac myocytes. There are no studies that have directly looked at the effect of anisosmotic solutions on T-tubule geometry, but it is thought that the T-tubules shrink during exposure to hypotonic solutions, and swell following exposure to hypertonic solutions [14] . These effects of geometry are likely to be important as there is an asymmetric distribution of ion channels and transporters in cardiac cells (e.g. Na-Ca exchangers are predominantly located in the T-tubules whereas K+ channels are located throughout the sarcolemma and T-tubule system [42]).
Electrical effects of swelling in isolated cardiac myocytes
Osmotically-modulated channels and transporters in cardiac cells can be divided into two groups: those that are normally quiescent under isosmotic conditions but are activated when there is an osmotic stress imposed across the cell membrane, and those which are normally active but whose activity is altered by cell swelling. The former group includes chloride channels (Icl,swe,l), non-selective cation channels (I cat,non se,ect) and ATP-sensitive potassium channels (I K,A.rP). The latter includes delayed-rectifier potassium channels (I,), Na-K ATPases (INax) and NaCa exchangers (I NaCa) (see Fig. 2 ).
5.1. Chloride channels I C,,swe,, has been identified in a wide range of cardiac cell types (see Table 1 ). This conductance has rapid activation and deactivation kinetics, is outwardly rectifying, has an anion permeability sequence of I-N NO; > Br-> Cl- One of the most characteristic features of IC,,\we,, (both in cardiac and non-cardiac cells) is its delayed onset of activation, i.e., the channels usually do not open until l-3 min after cells are exposed to hypotonic extracellular solutions [11, 40, 43, 45] , although when the osmotic gradient is small there can be a delay of up to 20 min before the current is activated [44] . The activation of Ic,,swe,, clearly occurs some time after cells have commenced swelling (for example, see Fig. 1 in [40] ). In contrast to the delayed activation, the conductance decreases quite rapidly following return to hypertonic solutions. If activation of IC,,swell is coupled to stresses in cytoskeletal elements then the time delay in the swelling response may reflect slack in the force bearing components of the cytoskeleton whereas following return to the isosmotic solution the slack has already been removed and so the response will be fast; this, however, remains to be determined.
The size of the IC,,swe,, current activated in different cardiac cell types varies from H 2-10 pA/pF for ventricular myocytes, -IO-20 pA/pF for atria1 myocytes, up to 100 pA/pF for embryonic ventricular myocytes (measured at f 100 mV relative to the reversal potential for chloride, with [Cl-l, of 70-140 mM, see Table 1 ). This variation presumably reflects differences in the density of ion channel expression, with in general a higher current density elicited in atria1 myocytes compared to ventricular myocytes [40] . Another possible explanation for the difference between atria1 and ventricular myocytes is differing resistances to cell swelling, as it has been shown that lCl,swell could be elicited in canine atria1 myocytes exposed to a 0.75 T hypotonic solution [44] , but IC,,swe,, could only be elicited in canine ventricular myocytes exposed to greater osmotic gradients (e.g., exposure of cells to a 1.67 T hypertonic pipette solution for lo-20 min [45]). One possibility is that the lack of T-tubules in atria1 myocytes could account for this apparent difference in resistance to cell swelling which would be consistent with the suggestion by Hermsmeyer et al. [14] that the lack of T-tubules in atria1 myocytes may account for the different electrical response of atria1 and ventricular myocytes to anisosmotic solutions [14] . However, it is important to remember that the pressure gradient across the cell membrane will depend not only on the difference in osmotic strength of the internal and external solutions but also the hydrostatic pressure gradient of the pipette solution, the access resistance between the pipette and the cell and the rate of fluid flow across the cell membrane relative to flow between the pipette and cytosol [39, 47] . These latter factors will almost certainly vary from cell to cell and between atria1 and ventricular myocytes. This variability between cells may also explain why Tseng found that IC,,swe,l could be elicited in only 71% of canine ventricular myocytes [45] , and Vandenberg et al. found ICl,swe,, in only 34% of guinea-pig ventricular myocytes compared with 94% of guinea-pig atria1 myocytes [40] . However, one must also consider the possibility that there is a subset distribution of IC,,swe,, channels (e.g. it may be present in higher density in epicardial or endocardial myocytes).
The signal that activates IC,,swe,, following cell swelling appears to involve the membrane and/or cytoskeleton. Tseng [45] found that dipyridamole and trinitrophenol (anionic amphipaths which are preferentially inserted into the outer leaflet of the membrane) activated a conductance consistent with IC,,swe,,, whereas chlorpromazine (a cationic amphipath which is preferentially inserted in the inner leaflet of the cell membrane) decreased I,-, swe,, in canine ventricular myocytes. These results are consistent with the membrane being involved in transducing the swelling signal, however, they do not tell us what the specific stimulus is. The stimulus may be a change in tension experienced by the bilayer (or underlying cytoskeleton) or altered membrane curvature. Alternatively, the amphipaths may have a non-specific effect on lipid-protein interactions in the membrane. Tseng [45] also suggested that the cytoskeleton may be involved as, in 3 out of 5 canine ventricular myocytes tested, dihydrocytochalasin (an actin destabilising agent) appeared to activate IC,,nwe,l, with no effect discernible in the remaining cells. Ideally, it would be useful to see these studies repeated on larger numbers of cells and on different species and cardiac cell types to determine how significant these findings are.
Tseng [45] also found that non-specific kinase inhibitors were ineffective in blocking activation of IC,.swe,,. This result suggests that phosphorylation was not involved in activation of IC,,\we,,. However, more recent studies with more specific kinase inhibitors and activators suggest that phosphorylation may be involved. Duan et al. [48] found that stimulation of PKC (via o-adrenergic stimulation) in rabbit atria1 myocytes inhibited activation of IC,,swe,, (similar to that reported in other cell types, e.g. in epithelial cells [49] ) and Lieberman and colleagues found that increases in CAMP inhibited activation of I,, $,++,, in chick embryo ventricular myocytes [ 11,501 whereas Sorota found that in canine atria1 myocytes [44] and human atria1 and ventricular myocytes [51] a rise in CAMP augmented a previously activated IC,,swe,,. Sorota [52] has also reported that inhibition of tyrosme kinases, using genistein, prevents activation of I,, swe,, in canine atria1 myocytes, but this inhibition could be overcome if lC,,swell had been previously activated in the presence of ATPyS. Together, these results suggest that phosphorylation is involved in transducing the swelling signal into activation of IC,,swe,, in cardiac myocytes, although the specific pathways involved may be different in different species and/or cell types.
There Following cell swelling, most cells activate solute efflux pathways that tend to restore cell volume to the original value, a phenomenon termed regulatory volume decrease (RVD). It has been suggested that the physiological role of Lswell in cardiac myocytes is to contribute to RVD. RVD is inhibited by replacement of chloride with methanesulfonate in chick embryo ventricular myocytes [ 11,331, and 9-AC, an inhibitor of ICl,swe,,, augmented the cell volume increase of rabbit ventricular myocytes placed in hyposmotic solutions [57] . The inhibition observed in these experiments, however, was incomplete. It has been speculated for many years that taurine may be involved in volume regulation in cardiac myocytes [58, 59] . Recently, Lieberman's group has shown that efflux of taurine and amino acids contributes to RVD in chick embryo ventricular myocytes [33] and furthermore that the time course of volume regulatory release of taurine from chick embryo ventricular myocytes is very similar to the time course of activation of IC,,swe,, and that both processes are inhibited by an increase in intracellular CAMP [601. IC,,awe,, appears to be permeable to a wide range of organic osmolytes including taurine [61-641, and so it is possible that the volume regulatory efflux of taurine observed by Lieberman and colleagues could be mediated via IC,,swe,, channels. Thus there are likely to be multiple components of the RVD response including chloride efflux, presumably via kl,swell channels, as well as the efflux of taurine and other amino acids, which may also occur via IC,.\we,, channels [60].
Non-selectiue cation channels
Many studies have demonstrated that suction applied to excised or cell-attached cardiac myocyte patches causes activation of non-selective cation channels (e.g. [65-691). In neonatal rat ventricular myocytes Kim has reported that there are three stretch-activated non-selective cation channels with conductances of 21 pS, 36 pS and 65 pS [691. One of which, the 36pS conductance channel, can also be activated by hypo-osmotic cell swelling with the open probability increasing as cell volume increased, estimated from the cross-sectional area of patched-myocytes 1701. In addition to the swelling-induced activation of a 36 pS non-selective cation current, Kim noted swelling-induced activation of a chloride-sensitive conductance [691. In contrast, Sachs and colleagues [67, 68] found that in chick embryonic ventricular myocytes non-selective cation channels with conductances of 25 and 50 pS could be activated by suction but neither of these channels could be activated by cell swelling. The conductances of the non-selective cation currents activated by stretch in chick embryo ventricular myocytes are different from those reported by Kim and so it is possible that the discrepancy between these two studies may be due to the presence of different members of the family of stretch-activated channels in the different cell types. Interestingly, Hu and Sachs also reported osmotic activation of a chloride sensitive channel; thus, in this regard it would seem that chick and rat cardiac myocytes are similar. An alternative explanation may lie in the cell preparation. Ruknudin et al. [67] noted that stretch-activated channels could not be elicited in cells that were cultured in the absence of embryo extract and the critical factor(s) in the embryo extract appeared to be growth factors such as basic fibroblast growth factor. So differences in species as well as culturing conditions may explain the differences between the studies from different groups.
KATp channels K ATP channels are thought to be closed under normal physiological conditions ([ATP], N 5 mM)
and open under conditions of metabolic stress or in response to specific channel openers such as pinacidil [71] . In neonatal rat atria1 myocytes, K,,, channels can also be activated by negative pressure applied to membrane patches and by osmotic swelling of perforated-patch-clamped myocytes [72] . The whole cell current elicited by 0.8 T hypotonic solution was similar to that activated by pinacidil and could be inhibited by glibenclamide. However, whereas the single channel openings recorded in cell-attached patches could be elicited almost instantaneously (within 1 s of application of -10 to -30 mmHg suction), activation of the glibenclamide sensitive whole-cell current by cell swelling was delayed for approximately 2 min. One possible explanation for this discrepancy may be that activation requires the development of a certain level of stress on the cell membrane and/or cytoskeleton, which could be achieved almost instantaneously when applying suction to a small patch but took approximately 2 min to achieve during osmotic swelling of cardiac myocytes (see above re: discussion of time delay for activation of IC,,\we,,). This hypothesis is indirectly supported by the study of Terzic and Kurachi [73]; they found that disruption of actin filaments with DNase I or cytochalasins activated I,,,,, in isotonic solutions. They suggested that at least part of the ATP sensitivity of these channels therefore reflected the ATP requirement for maintenance of the cytoskeleton. They also suggested that the mechano-sensitivity of activation of IK,ATP could explain why KATP channels appear to be activated during early ischaemia before ATP levels have fallen to the levels below which the channels can be activated in isolated-patch experiments [7 I].
Delayed rectifier potassium channels (IK )
I, contributes to repolarization of the action potential in many cardiac myocyte cell types (e.g. [74, 75] ). Sasaki et al. [76] were the first to report swelling-induced augmentation of this potassium conductance, in guinea-pig ventricular myocytes. They showed that I, was increased by 70% in guinea-pig ventricular myocytes exposed to a 0.7 T hypotonic solution. In a follow-up study, they showed that the activation of I, by cell swelling is fairly rapid (i.e. an increase in I, can be seen within 5-10 s exposure to hypotonic solutions and the response stabilises after OS-2 min) and the recovery of I,, following return to isotonic solutions, occurs over a similar time scale [77] .
Maylie and Groh [78] subsequently showed that the increase in I, appeared to be due to an increase in the slow component of I,. 1x6, as the swelling-induced increase in I, was still elicited when the rapid component of I,, I,*, was inhibited with E-4031. Rees et al. [79] found that the amplitude of I, at the end of a depolarising pulse was significantly decreased by cell swelling (0.7 T hypotonic solution) for pulse durations I 150 ms (due to inhibition of IKr, the major subtype activated under these conditions), but significantly increased for pulse durations 2 900 ms (due to the predominance of an increase in IKa). At intermediate pulse durations there was no significant change in the magnitude of I, during cell swelling. When I Kr was studied independently of I,, (holding cells at -40 mV and pulsing to -10 mV for 250 ms) exposure to a 0.7 T hypotonic solution resulted in a 21% decrease in I,, at the end of the 250 ms pulse and a 60% decrease in the tail current. When I,, was studied independently of I,, (holding at -40 mV and depolarising to + 60 mV for 5 s in the presence of the selective I,, blocker, dofetilide) swelling caused a 146% increase in I,, at the end of the 5 s pulse and a 137% increase in the tail current. Thus, swelling guinea-pig ventricular myocytes causes a decrease in I, and an increase in I,, Rees et al.
[79] also found that swelling cells decreased the sensitivity of I, to blockade by two selective I,, blockers, dofetilide and low concentration La3+. The EC50 for dofetilide in isotonic solution was c 75 nM, whereas in swollen myocytes it was N 1 FM. This may have implications for unravelling the mechanisms involved in the transduction of mechanical stimuli into changes in electrical properties of cells and in considering the concentration of drug necessary to achieve effective antiat-rhythmic activity in ischaemic (and therefore swollen) cells.
The mechanisms whereby cell swelling alters Ix, and I,, remain to be determined. There are, however, a few clues beginning to emerge. For example, it has been shown that the swelling-induced increase (and shrinkage-induced decrease) in I, is independent of [Ca2'li [77, 79] and not affected by the protein kinase inhibitors, H-7 [77], chelythrin [81] or PKI [81] . In contrast to the apparent lack of involvement of Ca*+ or protein kinases it has been suggested that cytoskeletal changes may mediate swelling-induced effects on I,. In a preliminary study Maylie and Groh [81] have reported that phalloidin (an actin stabilising agent) inhibited activation of I,, by cell swelling whilst cytochalasins, which promote actin depolymerisation, had minimal effect on activation of I,,. These findings, however, have all been reported in only a few cells and need to be studied in more depth.
ATPase activity is initially increased by cell swelling and reduced by cell shrinkage in both rabbit ventricular myocytes [12] and guinea-pig ventricular myocytes [77] . These changes appear to be due to a change in the affinity of the transporters for intracellular sodium (Km (N~I)), whilst the maximum turnover of the transporter remains unchanged. In 0.77 T hypotonic solutions K, (Nai) was reduced from 21 to 13 mM, whereas in 1.5 T hypertonic solutions K, (Nai) was increased to 39 mM. These results suggest that there could be conformational changes in the protein itself during swelling and shrinkage. The mechanism of such a conformational change however is unknown. In patch-clamped guinea-pig ventricular myocytes the swelling-induced increase in INaK occurs quickly and stabilises after 1-2 min 1771. Similarly, swelling-induced changes in [Na+],, secondary to increased Na-K ATPase activity, stabilise after 2-3 min [12] .
It is well established that the Na+-K+ ATPase contributes to volume regulation in many cell types (see review by MacKnight [82] ). The results in cardiac myocytes, however, have been equivocal [4, 83] . This has probably been primarily due to the confounding effects of changes in [Na'li on [Ca'+], and thence effects on Ca'+-activated channels and transporters [83] . The results of Whalley et al. [12] , and Sasaki et al. [77] , i.e. that swelling causes an increase in Na+--K+ ATPase activity, however, suggest that Na+-K+ ATPase may contribute to volume regulation following cell swelling in cardiac myocytes by promoting net cation efflux.
Na+-Ca2+ exchanger (ZNaCa)
In guinea-pig ventricular myocytes, Wright et al. [84] have shown that Na+-Ca*+ exchanger activity, measured as the Ni*+ -sensitive component of whole cell conductance when other conductances carried by Na+, Ca*+ and K+ are minimised, is inhibited by cell swelling and increased by cell shrinkage. These workers confirmed that the Ni*+-sensitive current was INaCa by showing that it was also sensitive to inhibition by the exchange inhibitory peptide [84] . The modulation of INaCa begins once solution change-over is completed and it takes l-2 min for the response to stabilise. The response is linearly related to the osmotic gradient imposed across the cell membrane over the range 0.5 T to 1.5 T, with INaCa decreasing by 7.4% for each 10% decrease in extracellular osmolality. These results suggest that the signal being detected must vary linearly with external osmolality. One possibility is that this may be related to an interaction between the exchanger and the actin cytoskeleton. This hypothesis is supported by recent work from Condrescu et al. 1851 who showed that activity of the cardiac Na+-Ca2' exchanger (when expressed in Chinese hamster ovary cells) is reduced by 50% in cells incubated in cytochalasin D, an actin destabilising agent, though whether cytoskeletal modulators influence the cardiac Na+-Ca*+ exchanger in native tissue remains to be determined. It is also worth noting that the almost immediate response of INaCa to changes in external osmolality is in marked contrast to the delayed activation of IC,,swe,, (see above) suggesting that the signalling pathways mediating activation of these two conductances are different.
Other channels
There are many other channel types present in cardiac myocytes most of which have not been investigated for osmo-sensitivity. There are however two channel types, inward rectifier K+ channels and L-type calcium channels, that have been investigated and found not to be sensitive to osmotic swelling [77, 79] .
6. How does cell swelling affect the cardiac action potential?
Since cell swelling modulates so many conductances in cardiac cells it is not surprising that cell swelling alters action potential duration in cardiac tissue, e.g. [ 10, 13, 15, 86] . Integrating all the information contained in the isolated-cell studies described above should ultimately allow us to predict the changes in action potential during cell swelling. However, to predict the changes in any given cell type we will need more quantitative information on the density of osmotic-sensitive channels and transporters in each cell type, the % change in their activity, the time course of activation of each process and a more detailed understanding of how changes in extracellular osmolality affect intracellular osmolality and cell volume. In addition to changes in conductances one must also consider the changes in [ions] in the cell. For example, [K+] , in rabbit ventricular papillary muscle decreased to N 76% of control, at physiological [K+],, when muscle strips were placed in 0.76 T hypotonic solutions and this was sufficient to account for the observed 5-7 mV depolarisation of the resting membrane potential seen during cell swelling [8] . This dilution of [Ktli and depolarisation of the resting membrane potential may have significant effects on APD, e.g., the dilution of [K+li will reduce the electrochemical gradient for K+ efflux (via I, and I,, > during repolarization, whilst depolarisation of the resting membrane potential will reduce the availability of Naf channels for initial depolarisation of the action potential.
7. Does cell swelling produce the same effects as direct membrane stretch? Direct membrane stretch induced by suction on isolated patches and osmotic cell swelling have been found to . . induce similar changes m I,.,,,
[72] and non-selective cation channels [70] suggesting that membrane stretch may be one of the signals detected by cells when they are exposed to hypotonic solutions. However, many studies have found significant differences between cell swelling and mechanical stretch, particularly with respect to activation of non-selective cation currents [68, 69, 76] . Therefore if membrane stretch is one of the signals detected by cell swelling then it is likely to be only one of many signals detected.
Osmotic swelling (see Fig. 3a ), in contrast to direct mechanical stretch (see Fig. 3b ), will result in dilution of intracellular contents. An osmotic gradient will also cause a significant increase in circumferential tension as well as longitudinal tension whereas mechanical stretch (as depicted in Fig. 3b ) will cause predominantly an increase in longitudinal tension, although the exact changes in tension will depend on how the mechanical stress is applied (e.g. pulling carbon fibres placed flat near the end of a fibre will be different to pulling an electrode attached at a more discrete point). Similarly, suction applied to a small patch of membrane, via a patch pipette, will result in deformation of the local patch with the precise stress depending on the geometry of the patch sucked into the pipette during formation of the giga ohm seal (see Fig. 3~ ). The differences between stretch and swelling are perhaps best illustrated at the whole cell level by the study of Sasaki et al.
[76] who showed that hypotonic swelling of myocytes activated I, (described in detail above) whereas longitudinal stretch of myocytes by 20% did not affect I,, but activated a non-selective cation conductance. In contrast, Hagiwara et al. [43] and Zhang and Lieberman [87] found that "mechanical" stress and osmotic stress both activated I C,.rwe,, in rabbit sino-atria1 or atria1 myocytes and chick embryo ventricular myocytes respectively. However, these latter studies compared hydraulic inflation (injection of patch pipette solution, see The exact changes though will depend on how the stretch is applied (see text for details). (c) Suction applied to a patch pipette will cause deformation of a small patch of membrane sucked up into the patch pipette with the change in tensions being dependent on the geometry of the patch sucked into the pipette. Cd) Hydraulic inflation will cause distension of the cell and dilution of intracellular contents if the pipette solution is not of identical composition to the cytosol. This closely resembles osmotic swelling as shown in (a) and is quite dissimilar to mechanical stretch as shown in (b).
which will produce very similar changes in membrane tension (i.e., increases in circumferential as well as longitudinal tension) and involve dilution of at least some intracellular contents (Le., those substances not present in the patch pipette solution).
Future studies
The study of the electrical effects of cell swelling in cardiac tissue is not new, but it is only in the last 3-4 years that details as to the specific ionic mechanisms involved have begun to be unravelled. Many of the observations that have been made, however, have been made on only a few cells and/or one cell type, with the notable exception of the activation of IC,,sw,,, and to a lesser extent the osmotic modulation of I, and INaK. Therefore one of the first priorities should be to substantiate many of the observations in larger numbers of cells and different cell types. [52, 90] and this promises to be an exciting area of future study.
Ultimately, the clinical relevance of cell swelling induced alterations of electrical activity in the heart is going to be of most interest in the context of myocardial ischaemia and reperfusion, as this is when cell swelling is most significant and electrical disturbances including fatal arrhythmias are most common. Dissecting out the role played by cell swelling in ischaemia. however, is complicated by the myriad of other metabolic changes associated with ischaemia. To date there have been no specific studies on the effects of cell swelling on arrhythmogenesis, although it has been shown that hypertonic reperfusion reduces the incidence of reperfusion-induced arrhythmias [26] . A full understanding of the contribution of cell swelling to arrhythmogenesis, however, will require more detailed understanding of the cellular and molecular basis of the mechanisms underlying the electrical effects of swelling as well as study of swelling in intact hearts and ultimately in vivo.
Conclusions
There is now considerable evidence to show that many ion channels and transporters in cardiac myocytes are affected by cell swelling and that multiple signalling pathways appear to be involved in transducing the swelling stimulus into altered electrical activity in cardiac cells. Unravelling these pathways should provide important insights into the electrical consequences of myocardial ischaemia and, perhaps more importantly, insights into cell function in general.
